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\Vllil(: ~;l[)IIII(l-lJ:\sc(l  ladal++ fulfill a  CIit,ical Iwlf ilI II)ol)iiorjl)g s(\cIc  11’eat]IcI syfit,cIIIs flIZIf

])ass witllill illcil vicillit)y, tlI(’ IIlaill a(lvalItd~(  of a  s])a(r-l  IoIII( la(lal’  is tlIat it ])m\’ides
gk)l );11 c(n’(’l’agc. AIIotlIcr advalItagc  is tlIat, tllilllliS to its “lo Oli-dolVl)”” grol I ldl’y, a sj)a(”(’-

l)orIIc  I;I(IW CaII  II IcasuIc  quit)( accurately  tlIc rc[lcctivity of tlIc lI~clIOIII(ttc)Is wit]lil) a sto1311
as a fllll(tioll of a]tiitldc. Sllcl I lIIc21s[llc’lII(IIIts  (:al I II(I]) d(tclllliIl( tlIc IIatIIIC aIId tlIc aIIIOIII)t
or llycl I’oll)(’tlcol’s.” ,Sil)cc  t]lcl’(’  a]’c lllali~  lIII1<I]OIVII  ])llysical ])?ll’<lll)~tCl’S  to 1)(J (’st,ililat,wl  il) this

]jI{)lJlcIII (iI)(:lll(lill~;  t,l)c size clistlril)utio]l of tllo lIJr(llOIII  (’t(:OlS)”  all(l tllcir p;(wltlctli( distlil)~ltioll
lvitllill IIIC radar  l)(~a  III), a sillp;l(’  radar  (l I: II II ICI CaII s(alwly 1)(’ stlfli(ic]lt 10 qua]llify tlI(J 3
(Ii]])ulsio]lal structure of tlte l)](~(’i])  itj:]tic)]]  with lIIIICl I a(. curacy.

‘1’l\is  l)alwr dcscribcw tlIc Sltuttlc liaclar l,alJoratoIy (S1/1,) S11/-(; / X-SAI{ Ia(laI  ol)-

s(’l\Jatiol)s  of Iaill st,oIIlls,  t,l Ic first Il)lllti-]) ol?lliz:ltioll” aTI(l ltllllti-flccjll(~ll(:y IIle?Is(Il(*II  IcIIts  of

])lc(ij)itl;ltioll  froltl sl)ace. ‘I’]](: IIlaill goals of tlIc lai)t (x])rril))(’ljt )vclc to }’(vify tlI( j)ot(lltia]
for tlIc (wtill)atioll of rai]lfa]l using tu’o ]Ilicrowav( radar f]r(jl]c]lcics, to (l(:lllollstl’tlt[’  illat

])olarizat,iol] do(w CIIIIaIIC( LIIr al)i]ity to dct(xl tlI( flwxillp; ltIycr (tlI(’ ladal “l)rigllt l)aII(l’)),
aII(l to (I(i(’rltlil)c tjllc cf~u:t, of railifal] OII tll(~ oc(~a II surfaw l)ackscattcr.

1 )ilta  It(’lc collw.kxl  fro] n I}vo gmlllctli(  at t it II(I(x: si(l(~-lookillg  aIIcl lla(lir. ‘1)11(*  sidc-
looliillg”  ol)s(l\7?ltic)lls  WC](’ tal(c]l ?111(1 l]a17(’ 1)(’(’1] ])roc(ss(’(1 l)y forllli]lg; a syI)tllctic a])clture.
‘ill Ie r(wllltill~; illlagcs arc dcscril)d  it) s(ctioll  3 . 011  tllc otlIo  lIaII(l, tllc ]Iadir oljsc]\:ltic)]]s
lvcrc ol)taillul by IIaviltg {11(: SIIUtjtlC roll so ilI:It ijl IC ra(lar aIIkIIIIa S W(W  l); II: IIIcI k) {,IIc

:;l’OUII  [l. ‘.[’II(J radars  }vcrc  tl]clt  actlil)g  a s  ])rofilillg  s(iItt(IOIII(tc  Is ,  :111(1  tllc resulting  III C:I -

sIIlrIII(:IIt,s  wc:rc  t,]lclcfolc  II IOIC ]radi]y aII~cIIalJlr  to (jll?\]Itit;lti\’c:  illtc]j)]{~t;(tic)]l.  ‘1’IICSC ]Iadi]
01 )se]vatiol IS a]c describd  ill scctioll 2,

2 Nadir Observations

\Yll(]l oj)cratil)g  i]] a side-l[)oliillg 1110(1(’, tlI(~ l(,]tical (li]l](llsiolls of tllc ra(lar 1)(21111s  cssel  I-

tiallj  i])icglatjc OIT(Y tlI( c]lti]( d(])tlI of tlI(I tIol)os I)lI(I(,.” Si]Ic( {II( clIalIg~’  ill atltlos])ll(ric

])aIaIII(Jt(TIs  i s  p;cIIcIally  $; Icat(xt  ill tllc v(rti  (al, tlI(’ ldrgr cxt(vttl of III( 1)( ’aIIIs ill tltat (li-
rccilioll ill dl[:ct ol)scurm lnucll of th i s  illl])ortallt atlnosj)llcric stl;[ti(ic;ltioll. ‘J’llcrcforc, ill
OI(I(JI to i] I I]) Io\’c tJIIC vcltica] rmolutlio]l, t]I(’ S] III(t](’ I!ras Io]]cd  OJI a  f(:~v occasio]ls so tlIat
llIC l) C? IIIIS ])oi]ltc(l (Ii]cctly at, tllc sutfacc of tlI( l{hItlI. ‘1’11(’ C]l:l]](’ll$;(s  of this ])1’OCC[lllI’C,
llmvc\w, was tjllc til~)illg of tjl IC r o l l  so that)  tllclc  \fJoul(l  lili(>lj’  l)e ])l(:(i])it?ltioll  ill tlI(J l.)calns

sollI(”  t)ill)c  (Illlillg  tlIc l)rid ])mio(l of (Iat a coll(~ct ion. I]JT d(l’(lo])i]lg (I(cisio]l ]atio]lalcs aIId
J)ro(’(dll 1’(’s ()\(’1’ i!llc  last fmv years a n d , (]lli{C  fl’:llllil~,  l)(’(’:lll SC of goo(]”  ]Il(”]i,  JVC 1  I I;III;I$;(’(]

to collect sOIII(” i]ltcr(wti]lg; c)l)s(l}’:~tic)lls at, ]Iadil ill ])]c(.i])i  tiitio]l. l;cforc col]sidrril)p, t,lI(s(



lll(’;IS(l  I(’lIICIItlS,  IIowcvu,  it is ill)jmrtlallt to IIlclltioll t)liatl  ])l(:(i])itatillg, s~’st(’Ins [all itlt, o t\t’o
g;cl Icl’al  Cat!cgorics,  IIal IIcly ~((wllvc(+vc  s~’stu  I IS”’ (~xt(~ll(lillg  vdically  o\T(~I  a  sigtlificalli  frac-

tiol) (){ tll(’ dc])tll)  of tlllc  tro])os])lI(m  alI(l  ‘(St,J  atifid systcIII Is” of weal< collv(cliolj ( sJIIall
v(~ltica] air IIlotioll) ill }vl)icll t,l Ic ]J]c(;i])ittltioll (J1’ollliio]] is lal:,c]y Col]fil]cd 10 laycls ]aIgc]y
ill 11 IC l(nvcr tJxJ]ms])l  IcIc. ‘J’11(’  fol]tlc] arc  asso(iat(d wilfI  JIIOI(:  illtelisc  l)l((i])itzltic)ll, aJIcl,

CoI ]s(’(jllc]]tly,  gIcat(v’ I)acl:scal, tlcrc(] sigt ]a]s OVCI s(\T(Jlal kilol))(tcrs, 11’llilc tftc lattm aJc IISII-
tIlly (lltll?]ctcliz(’cl by weak sigl)als }~itll tlIc stlolIg(vit Ijacl<scatt(’] occuJviltg  lIraI tllc IIlrlt,inp;
ICv(]. ( ~olIscqu(lItly, (Ic])(:lldill?; Il])oll  sC17[’Ial fact OIS sIlcl I a s  tlIe la(la]” s(Jlsiti\ily aJId {lis-
ftIJl(”c to t]l C tal’@S, it, iS f(’:lSib](’ to llSC s]]~-(~ / X-SAI{ lllC;lSIJI’Clll(  !lltS to cOJII])IJ{(”  VCJ’{i(’;ll

])rofilcs  of ])lcci])it?lt,ioll  i])  coll\(ct,i\(,  syst(ql)s, l)llt  n o t  ill stlatiforltl  OIICS.

Na(lil II ICaSIIICIIICIIt  S \Ime ol.)tlaillcx]  dlllilIp, olIC d a t a  t a k e  (1) ’1’ 34 .55) 011 S1{1,- 1, a]Id
(Iuril)g tl)rcc (lata tlakcw (1)’~’s 45.5 , 54.0 all(l 103.0) 011 slil,-2. 1)111’ill/j tll CS(’ [l;lt Zl t?lli(’S,

lll(’;lslllc’ltlclltjs  w(w collcctd  with \I\~ all(l \~ll ])ol?lliz:~tic)Jls  at (;- alId 1,-l) al I<ls, alId wit,]i
\l\I ])olaJizatioll at< X-ljaJId. ‘J’llcsll[)l’t  ])llls(’lcll$;tll (8.44 /me) and tllcllal’1’ow l)aJldwidtll
(] oi’~]]x) l\T(>JC s(lwtcd fo, (:- a,,d ],-b,,ds. l!~ltil( t,]lc slIOIt ]) IIISC l(llgtll lnillill)izccl tllc
altitude afl’dc(l l)y clutter froIII illI(~ s(l Jfacc si(lclol.)cs,  tlIc l)al)(lwidt])  effect dq)cII(lcd  011 t,l)c

s(()]’]] I . OJI  oJIc IIalld, tflc sllrfac( clllttcr is i]lv(w(ly ])]c)])()]ti()]lfll to tllc ])lIIs( l~all(lwidt]l.
wl)i(ll i]]l])lics that a large La]ldwidtll s(,tti]lg, l!o[tl(l ]lli]li]Jliz(~  tlI(J altjtucl(: aff’(.x. t((l l)y tllc
sLIrfacc ret,llrll. 011 tfIC  otl Im lIal Id, tlIc sig;llzll-tc)-l~c)is(~  ratio (SN1{) is illl’(wcly ])lc)])oltiol)al”
to tlI(* l)all(l\vi dill. ‘1’llis iJ~)]~licstllat foI storlt)s \vitll a sig;llilicallt al IIoul It of (Jxl)((tcd tlotal
:ltt(’ll(121tioJl  fl’OIJl t]l C to]) Of t]l[’ S(OI’IJI  to t,]lat a]titll(l~ W] IC1’(’ tfl(’ Sill’faCC (“]llttC1’ t d]<(% O\ ’Cl”,
i.e. for StOIIIIS WIICK tlIc SN1{ would lXYOJIIC 1111(’OIIIfoIttllJly”  low, III( IIarr(m’  l)alldwi(lt])
1110111(1 still ]tlaxi]niz(~  tll(~ SiNl{. X- SAli w a s  O1)(JIat(Yl  with a 40 //s(’(” ]mlsc’ ICllg(]l  and a

9.J Mllx lx]Jldwidtl).  NIO l.)ca III stwrillg was UW(l. ‘1’IIc (Iowrst) ])ulsc r(gwtitioll frcqumlcy,
1.241 <llz, still ])loduce(l cl Ioug;lI l~uls(w to l(,(lll((tll(f;l(lillg; cfl”ccts, Ivitlloutl illtrodl[(illg a]lj’
laJIg(: all)l)igllitics 01 ])ulsc slla(lolvillg cff’cctsl aIId \j’llilc sa\’illF;  OJI datla  storage.

S(t,tillp;tl l(l(>cci\clg:liJl \?llll(:sl ~7+lsl[sssl  l?lip;lltfc  )l\vt(lcl. ()]I oll(’112111(l,  tllclll c’1’(’(l(’t(’c-

{jo]l ofl’sill (1( ’])cJI[]s  oII]y 011 i]l(!  SNI{, lvit]l ttlc a(”cll  J’a(’y of t]lC  []ll:lJltit?ltil’c cs/i?II(li’io?l of
tlI(’ lain M(ct)ivity iln])roving as tlIo (Iyllalili( IiIIIp;C of tlI(~ (]lJalllliz(d rctII1’11 illclc:ls(w. 011
t’llc otll(’1’  lla Ild, tllc t-act that t]lc’ IK!tlll’11  fl’[)111 {11(’ Sul’race! (’all lx! as IIlllcll  as 55 (111 gl’rat( ’l’
t]IaII tl)c l’Ctlll’11 fJ”Olll 0.5 111111]1 -  ] rail] (Ol;aIIIolo” ct al., 19s8), and Wollld tlllcl’cfolr IIlc)st
])rol)al)]y clJivc i]Ic &])it (s]]{-(~) OJ [i-bit, (X- SAl/) qllaJltizcrs  into ltoll-]ill(!ill’ity,  ])]ams aII

llj)])cl-l)ollIId collstrailltl 0 1 1  t,l]c rwciv(:r gail]: as tlIc gaiJl is i]lclcas(~{l, tlI(: illcr(asill$; (YIIO
~1’OJll  tlIc SU1’f:lU! WOllld (W’lltll:llly Stl’011#~ S?\tlll’21tC  t]IC J“(’C(’il’(T, It w a s  tllcreforc (lwidd

10 s e t  (lIc leccjvm p;aill so tflat t i le  l’ct!ul’Jl rrolll I!flc {!()]) o f  tll(’ Stl’ollg;  (%t (W])cct(’(1 coll\’c(’-
{i\e s(oIlll \Yas  lIcal tllc to]) of tllc dyl]allli( laII{y\ of ’t]lc (](lalltizcrs. ‘1’l]is \\oul(l IIOt  avoid

sat(llatic)ll  l)y t,llc  slllfa(:c  mtllrlI,  I)llt,  it, )Volll(l  still  a]lolv OIIC to 111(’asur(’  lo\\” laill-latcs.

I) ’l’ 34.5[J fro]]] S1{1,-1 ])Iw(lIIuxI  clear I)u1 soIIIcuJIIat  (Iis?i])])oilltillgly ]!’(al; lrfle(tivit~
])lofilcwfrolll sc\cralr aill slloJ$(ls\lit llilJtll(o llt(’ll;lill” l.)alId of ’1 ’ro])ica] (;y(lc)ll(()(lill(’ill tlIc
]Il(]ialt occalI 0 1 1  A])ril ]], ]!)!)4, aK)IIJId  ]2:42 (;h~’1’.  ‘j’]I(> 1 ,-  aII(] (;-])aIId radaI’  I)aJaTIIdcrs
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111( ’]till  F; of (](’])s0’ ic(’  ])a]’t,idcs. \~~]li]C  {]1(’  l ’ ( ’ t i l l ’ l l S  ill ]{’iF;. 2 al”c (’01  Isi(k’1’al.)]y  Iv(’al;(’l’ tlla?l
tlllos(” 01 )S(:l’vd  (1111’illg  Ca] ‘1’;, tlIis is lIIost lil{(’ly due to tlI( scvcrc l)ca III fillilig ]) IO1)ICIII  a s

well  as tlIc ]IIucl I glcatm  distal]cr  l)rt\vcrlI  {II(T ra(lal. a]I(l tlI(’ clou(ls.

l“ig. 11) SIIOWS lIIC (;MS IIi i]ttagc fro]]] octolwr 6 at< 17:32 (; NI’I’,  ov(,rlaid IYit]t tlIc
Sllllttl(’ tll’;lCli (1111’il)~ data t$211iC 54 .() . ‘J’IIC I)l?l(’li  (“1’OSS Zlbollt two-thirds Of tll(! Ivay U]) al[)ll~~
{11(’ tl’?l(:li llltll’li~ tllc IOc<ltlioll of tllc rcp;ioll of stratiforltl ])rcci])itatioll lvjt)llill tlIc ollt,cl cd?;cs
of ‘I’yj)l IooII S(JtlI tlIat ])roducd t,l Ic wflcctivit ics SIIC)IVII ill 1“;?;. 4. ‘1’IIc four lRIIICIS ill llIat
f igure sllo\v tlIc ]I](:asurcd V\~ rdlccti\J~tics a( tlic tlIIw frcqlle]lci(s as Ivcl] as tlic (;-V] I
lcflc(tlivi{)y.  ‘.1’11(’  tli Cli 111211’liS  al’C ?1S  ill tll C tll(’ l)r(:vious {\$() fi~,(llcs, as al”(’ t] Ic (111’(T (’0101”
scal(,s (X/(; -\~V, 1,, aIId C;- VII). As l)cforc, 110 s~llfa(c-s[]l)t]:lctjo]l  w~as ])cIfoIIIId cxcq)t  foI

IIIC X-lmII(l data (wlIf.Yc sul)tract,;llg tllo clcal-air S(ll”fa(”c r(’till’]1 is 11( ’ccssal’y l)c’(’alls(’  of tll(’
lOIIF; illllltlillatil)g pulse).

‘1’IICIC arc scvwal illtcrcstillg features ill tlI( straiiforl]l illlagc, l“ig. 4. III al] l)aIIcls, tll(,
a])]) cara]i(”e of tlIc “l~)cltil)g l)a IId’) is stlikillg. \YIIilc iltis ol.)scrvatioll i s  IIOi  II(:W  (tlic  sc)-

callc(l  “l)ri~;llt ljal I(l” lIas lxuI st,u(lid of~ alId 011 ovm tll(, last W ycam), tlIcsc ol)s(I1’?]tic)lls
al’(’ IIotf ol)ly tjllc first! l’c]ml’t’s f l ’ o i l )  a  S])a(’(’lml’11(’  l’adal’, l)ut tlicy  ale tllc first collcctd
sil))(llli~l)(’ollsly  at tl)rw frc(lucmcies aIId at tlvo ])olzllixtltic)lls. ‘1’IIc ra])id illcr(asc ill si,gt la]
illl(~ltsity  rcs])ollsiblc  f o r  tlIc  balldc(l  a])])  calal  Ic(J i s  (luc lalg,c]y  to tlIc cl Ial Igc ill tllc  illd(:x

1  gills to lnclt  (Austin  aII(l IIc]]]is,of ]rfra(tjio]] as ice .)c 1 950; llImvIIc aII(l liolji]lso]t, 1 952;
N(wc]l aIId (~colis, ] {)~b, {o IIaIIIC a few’). ‘1’1](  IIlagtlitu(lc  o f  t h i s  (fl’cct,  lIo\\Jo\’cI,  is  gI;ov(rIIccl

IIOtl OIIly  l.)y tllc tlrallsiticnl  to a liquid IIavillg a II IUCl I greater ill(l(~x of lwflactiol], l)utj also
l)y otll(’1” fa(:tol’s Sllcll aS tll C liill(l of icy 11~’(11’olll(’tcol’,” alI~T glc)ll~t]l (~lc(.[ll]l~ll:itic)ll of 111:1ss)
or icc just l)cforc IIlcltil]g, aII(] c] IaIIF;(x ill fa]l s])(YYI a s  ]Ilc]ti]lg’ ]) Iww(]s.  ,$l)ccifi(a]l~’,  icy

IIy(llc)l]l(t(’c)ls  ral Igc ill dculsitics floll) 0.05 to 0.9 ~ cl])- ‘+. l)articlcs ]Iavillg lower (Icllsitics arc
llSU{llly icc CI’~stal  S <111(1 SlloTVfldliCS, wlli]e lI}J(lloIII(Jt,(,c)ls lla~illg IIigllcl d e n s i t i e s  ale t,llc  II Ior(:

(olll])act  ice ])altic:lcs  sucl I a s  l]ai] aIId  gra II])cl. ‘ill  ICW (lifl’(lrllccs  arc il))])ortallt  Ivitll  rcs])cct,

to tll(’  Sjgllals l)mlllsc, fol”  C’Xalll])lc,  sllo\v  all(l  c r y s t a l s  U s u a l l y  f a l l  a t  a  l“atc  o f  a r o u n d  1  I l l

s- ] )vllil(~ t,ll(~ dcIIscl  ])altic]cs CaII rcac]t  tcll))il);ll  f a l l  s])(ds o f  sc\’(*Ial  II Iet(m  ])(v sccoIId.

(; OIIs(,{jLl(IItlJ’,  SIIOIV aIId  ice CaII lIave a  sul)stalltia] i]lcrcasc ill IIIaSS  (altcl tllcrcfow, IadaI
r(’flc(iiviiy~ jllst I)dorc lncltillg l)y tjl IC ])mccsscs OJ” vaj)()] cl(’])ositioll” alI(l tjl IC ac(lrtiol] of
SLI])(’IC()()IC(I (sul~fr(:czi]lg) cloli(l dlo])lcts. NloIYw\’(’1, sIIo\v aTIcl ice clysta]s I(JII(I  to CIIIIII])  a s

tllc~’ fal] so tlIat {lIcy CaII l)c(oIIIc  lo\v (Icllsity a~,gt(~,atjcs  lla\illg  {Juit(  lalp;c  (Ii]]]c]lsio]”ls  of o]Ie

10 sevcIIal (c]lti]]]ctcm.  ()]] tlIc otlIcr lIall(], t II(. r(’l;Il ivc cl Ial Ig(’ ill lIIass of tlIc IIigll(’1 d(v]sity
])alticlcyi is usual]y collsjdcral)ly sIIIallcr I)ccauw tllcil sul>stalltia] tcrll)illal velocity assures a
I’a])i(l ])assagI;c! 1]11’ollg]l the tllill  ]aycl’s  of SI1])(’I’CO()](’(]  cIou(l. III a(l(litiol], tllcse lIy(lloIIIct(oIs
l’?ll’(’1~ :tF;F,l’(’F;tltC.

l“llltjll(’tll)olc, tlIc IIleltillg ]) IY)CCSSCS of llI(w’ two t)j’])cs of lIy(lloIIIctcJc)ls  al(’ [lifl~~lcllt.
‘1’IIc d(HIs(I ])artic]rs told  to forlll a fill]] of slllfa(( liquid \vitll ]Ilclti]lg of tltc ice co]]ti]luill?;
illsidc illis liquid slIell. A  l)orifiol)tally oliel)t ((] ]ill~, of liqlli(l w a t e r  CaII fOIIII aIOIIIId tlIc
IIli(l(llc of tl)c 11)~(1 IoIIIct(’01  I.mforc ]]](~lli]lg is coIIII)lct(K1. SIIow, 011 tll(’ Otllc’r hall (l, I)(’g ills I)J’

(i





at tlIc dif[erc]lt wavclmlgtlls  am so dis])araic tlIat s\lcl I st,udics colll(l  Lc l’cIy ]Ilislcadi]]g.
N(A(I(lI(Icss,  it is IcasoIIaljlc to coIIcl Ildc t,l Iat IV(’ arc IIOt 0111-y lool{il)g; af, II I(ltiIIg  ice cryst,als

1 )Ilt  :11S() :1{ Vol’y ]:11’F;C 111(  ’]iill/;  SlloWflZ(k(W , aII(l  ilIat IIIC IIlcltillg; ICWI is at 51<111.

AltlIoIIg;lI  illclq)clldmlt  cc)lifill)~~ltioll  of tlIcs(  ol)s(l\~itic)lls  (l~lrillg  t,l I( cxl}clilllellt,  ]~as IIOt,
])ossil)lc, tlIcy are ill agKXIII(IIt  \\’itll  silllilar  c)l)s(l\tltiolls  i]t (lifl’cr(v)t  scttillp;  s IIsil  Ig (lihult

raclars  a s  ill(licat(d  ill l{’ig.  5. A  ])rofil(} t]ll’ollp~ll  {]IC IIle]tillg ](A7(’] ill ](’ig. d js i]lllstratd jll
l’ig. h. ‘J’IIc stru(tums arc [Illitc!silllilaltc) tlIc)s(c) l)srI~(J(l Ilsillg tlICNASA/Jl)l, Ali MAl{
airlmrltr l’adaI” tlllatl flclv over a l~wltil[g layer associated \vitll a forlllillg tlo])ical cycloIIe iII

tlIc t]oj)jcal \VcsLcr]I l’adfic two years carli(’1. Notctllesi lllil?ilstl  ll(tlllcs jll 1)01,11 tllcl illcar
(l(~])(~l:lliz;ltioll  ratio [dcfillcd by IJl)l{ : 1010~)1[,(  X4X/ ZC;), I\’l IcIc XX aIId  ZC: a](!  tlIc  Iada I
r(’fl(’ctjil’itly factors al (’1’0ss- and cc)-] )ol::liztitioll,” wsj)cctiI’cly) aIId tllc r(:f]cctivity factor, X.
l’illal]y, gIolIII(l-lIils((l N(;Al{/(;l )-2 vertically ]milltillg; Iacla I 11)(’;ls~ll(ll)cllts ill stlatiforltl
])l(’(i]) itiltic)ll ill l{ ’loli(la arc sllowlI ill l“ig. J(.. \Yllilc cxllil)itillp; silllilal fcatl]rcs, t,llcy are

(Iisl)laccd (lowIIu TaId ljy al~ollt, 1 1<111. l’articularly IIot(:woltlly” is tllc illcr(asc jll tllc (lmvII\vard
Ialls])((>(l of t)ll(: scattcmrs as a colIscqucII(( ofli)(ltillg. III fact), OIIC cal I estiltlatc the IIIaSS
w(’ip;lltjc(l IIl(~an sizcof tlllc dro])s ;lss(llllillp;tll?~ti tll(:v(’rtical ail IImtioll jll this kind olsituatiwl
isll(p;ljg;il  )l(~cc)lll])?llccl tot,lIcfalls])d of tltcllycllolll(’t(:ol” (Ivllicll  jsoftcll tll(’cascill stratified
systc]]ls aft,c]’ ]ncltil]g lIas occuIId). lJIIdcr  tl}is asslll]]])t,ioll, a falls])wd of i’ III s - ] il~~])lics
a II IaSS w(’igllt, (xl (lr(q) (Iiallletcr of amuII(l  2.2 111111  (,la IIlmoII, 1993),  a \’cl’J’ l’(’tlsO1l:ll)lc l’alllc.
‘1’II(Is, Jvl Icl I sLlcl I structllrcs exist, s])accl)orlI(’ c)l)s(li’tltic)lls  olt]lcsc fcatlllcs calI 1)( IIS(XI to
(lc~rivc~ r(wsoIIalJlc csti]l]atcs of tllc IIcip;llt of {II(, IIlc’ltillp;  ICITC1  aII(l (~vcII IcasoIIal)l(~  estj]])atcs
of tll(~ sizr of rai]lclrops UIIdCI tltc Iigl]t co])(litio]ls. ‘1’llis is ilt)])ortalit, for cxaIII])lc,  l.)ccaIIsc
WIICII att(~ll)])tjillg;  to (lcrivc qualltitatjivc (’stilllal(~s  o f  raillfal] frolll radiolllctjric alId radar
l]l(~?ls~llcltl(~llts,  it is illl])ortalltf to I<IIOW solll(’tllil)g al)ollt tllc size of tllc ])articlcs and t<lic
(lc])tl I Oftll I(J lcgioll likcl~~ to colltajl) rail). 1“01 lll(liolllct(rs tlljs is jllll)ortallt l)ecallsc rain is a
st,rollg clt)it,  t,c]ofll liclol\Jii\~cla(  li?lt$iol], ” wlli]c fol la(lars, it is a strol]g almrl)cr  of ]tlicrowavcs
al, ]ligllf~j fwquc]lc.ies. ]Iotll ])]occsscs dc])rII(l ()]1 tll(’siwof  ll)[l?~illcllo])s  all(l tll(’(xt(vltl of
tll(’ raili.

W]lile it is ]IIost illtcrcsiji]lg to stll(ly tllc ((lI(ws (Illc to ])l((i])itiltio]l, tll( slllf’ac(’ lrlllrlls
])IOVW1 (juitc i]]tc]wtillg ill tllc’ll]sclvcs. ‘I’ig. 8 slIolvs tl]cti]llc’sc]icsof  a ty])ica] raw (;-V\T
l’(:t’111’11 fro])] tllc surface. ltcccivcr saturatiwl lllaliCS it iltll)ossiblc to (OlI1’(rll tile c(lI() ])ol~’cr
to al) acculatc sul’face l)aCliSC:ltt(’1  ’i?lg co(flicicllt. l~ut OII((aII  still ti]l;(lyxctllcst;ltistics of
tllc surface at, tlIc tllrcc frqllc]lcim, ill cl(ar a i r  alId ulIdcr rail]. ‘1’al)]c 1 sultll]]arizcs tllc
r(s IIlt,s al)ollt t,l Ic l~cllal’iol’  of tlIc surface YJ-facto],  wit]] a surface ccl Io classified as cm~~ill~
flol]] ‘~c]ear air’) co]lditions if]]o (;-V\/ (:(:llc)l)(’tfl’((’1] 2 Ii Ill al}d 6 I(III almvcit (’Xc(dS22 (113Z.
'l'll(t lil((:cl~l t:\scgl]l (lltstll?]tl lclc;il l:\lyxc cl(()ll(s])()ll(l  tc)tltl(l<scp ;l]l(:l)tssll llolll)(liIlgtl  )osc
slIowII ill figuws 2, 3 a]ld 4. lja(l] co])sistls of 1500 i]l(lcj)(’ll(lcllt sllrfacc ‘/-factor salIl])lm, cacll
sal II])lr co]lsist, i])g of t,llc average ]Jowcr of 32 cc)]ls(~(~ltil’(~]:~~v ccl Iocs. IJal)orato]y  cx])clilllc]lts
(1’0011 ct al, 1992, alId ‘I’si]]]])l is, 1 992) lIavc slIowlI  tl)at surfacr waves wit]] wavclcIIF;(lIs OII tllc
order of 10 CIII do ~ct, da II I])cd l.)y rail), ]IlOStj]y  (Iuc to tlllbulc]]cc, tlIc (1~1]11] )j]lg]:ltcil  l{.lc:lsillg
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( ~-lJalId IIavc lalgc 1,1)1{ (-12 d]]), suggcstlil)g tl]at tlIcsc am col)vcctiw lcgiolIs, l)lodllcillg
lIcaly rail). At 1,-l> aIId, tlIc r(!tuIII is frol~l tlic occaII surface aIId IIIay l.w Icducc(l ill stIwIIgtlI
I)y IIlc)(lifi(iltic)l) of i,llc ocmlI surface l~y rail). 11s 1$’as lll(~lltioll(d at, t,l I(: cII(l of t,l Ie ])lc17ious
sc(tioli, [lalll])illg of occaII wal’cs by rail] lIas l)(wII olH~l’vd ill colIt Iollc(l (xlmil[]cllts (1)0011
c’tj all 1992, alId ‘1’sill)l)lis, 1 9 9 2 ) ,  aII(l its cfl’(Yt 011 SAli occa II il]la~;(ry lIas alt(a(]y l)CCII
IIyjmtll(sizd (At] as, ] 994). ‘1’IIc ]a]gc l,l)li III;I) 1)( ]) I()(III((YI l~y s(attcrilig froltt ice, wlli]c
IIIC largy (;\l\r IKtIIIII IIIay lx: a (ollll)ill?[tic)ll  of scatt(’rillg fro]]] icc alI(l lIraly raillfal].

Also of illtcmst ill tlIcsc data  is tlI( l)clla~ior  of tlIc l)lIasc difl’cmlcc l.)ctw(YvI  tllr 1111  aIId

\/\/ ,.(t,(~,.,,  , ‘1’liis  diffcrmlcc ]jrovidcs illforltlatiol] al)olltl tllc scattlclillg II]cclla]lislll  aIId ]Ias
l)(vi st(ldid ])lcviously  ill ])olaril]~ct,lic SAI{ ol)sclIatiol)  of’ ~egctatioll (l) IIIdCII et al, 1989).
ovrr JIlost of oul ill]agcry tltc 1111 V\r ])lIasc is ti])l)loxill);]tely zrm bllt l)ccoIIIcs 11011 -zcIX)  ill

sOI I I(: rows. 1 II I Jig;. {), f~)l CXZ~IIIl)]C,  I,]Ic ])] I:ISC CIi(fclcll(.c  at (;-l)  aII(l i s  11]) to 30 (1( ’/;rHY5 ill

tll(  awas  wl)icll  a]’(’  di~lli  at 1,-lJ:III(l alId l)rigllt {It (~- aTI(l X-l IaII(l (A-1) ill 1{’ig.  I ()). ‘1’llis is
colwistcvltl witl]l ‘tdoulj]c l) OUIICC’) scatt,vlill~, ill wllicll tllc tl?ll)sll)itt(:(l  ]~’al’c  follVzIIC1-IeflCCts

fl’olll  tll[:  S i l l ’ f i l C C  ?111(1  tlll(’ll  NflC’Ct,S  fl’0111  It(ill  l)<((”li  10 tllC Ia(lal’. ‘I)llis IIlccltallislll  m’oll](l
1’(’(111  ill’ a s] IIoot!ll  0( ’(’?111 , suc]I as  ]I)ip;llt, 1)(.’ ]) I()(lIlcc(l  by ltli]l-(ltlltl])il]g  of ’  ()((’al I Iyaves. ‘1’]I(J

(loLIl)lc~-l)OIIIIc(:”  II)mllallisll) is aIIalog;ous to a (Iillf’(11 a] (OIIICI lrflcctol, IIIIi ClI ])IO(IIICCS a 1 S()
(lcgIu’ ])] Iasc shift ljct,w(ni ]111 aIId \~\J IYJt  II III. ‘1’IIc II)axill)lll]l ]) II:Iw difkwllcc of ZIIOIIII(I
3 0  (]c~,r(vs  ()~)SCJ’\’d lIcrc  s u g g e s t s  t]lat t]lc  (lOL1l)I(, ]) OIIIICC IIlcc]lallislll  is collt,li])lltilig;  to t]l(:

k)tal  rctllll)  l)ut  i s  IIOt  doII)iII alit.  AI IotlIcI I(F;ioII  of illt(l(wt  ill l’ig;. {] is t  ]1(.  C]()]lg:ll(>(l  (1211’1(

ar(’a ill tll]r ]owcr rigjlt, (1{’ ill IJig. 1 0), wllicll lIas a (;-l)al Id ])lIasc dif[’cmlcc u]) to 50 dcgyecs.
‘I)llis area is (l~l]li  at all tlIIec frcqucllcics,  indicating tltat (IIC Iailllatc is Iigl It. A II Io(lcIatcl)
sIIIoot,l I occa II wou]d I)e Iidcd to cxj)laill tlIc sig; nature. llolvcJ’vI, ill this case tlI( rain is
lili(!l~ too lip;llt to I.)c cawing wave dalll])illg;. llIsl cad, it cou]d I)c aII .31ca wit]] ]ow lvillds.

111 addiilim~ to data t?lliCS  o17(l tro])ical o((,al)s, S1{1,- 1 s(’lcll(li])itc)llsly ca]jtll Id several
lain cells ovcI tlIc AI IIaZOII raill-fowst,. ‘1’lIcs( (Iata al(’ ]mrtimllarly illtelcstillg  I)(xalls( l!’llilc
illt(~l.l)l(~t:ltioll of ,SA 1{ ill)ap;cry of rail I over tllr occal I is col]]])licaic~l l)y tllc ])ossil)ility  of
l);l(’1iS(’~l  tt(’1’ alId attm)uatiol] ill rail), as well as tl]c’ varial)ilitly of tllr occal) 0(’ itwl [, illlagcs of
Iaill OVVI tlI(~ AI IIa ZOII calll)ot sIlfl’cI fro])) aIIy si~,]li[icallt s(llfacc CT(’ ~’alial)ilit~’ (assulllill~; tl)atl
r~lill (lOCS II[)t StJ1’Ollgl~  i\ flH’t l)~Cli S(’Zltt Cl’ fl’ol]l  t ]’(’(%). l“ig;. 11 SIIOIVS tlllc(-flc(jll(ll(y il]tagcry
of rail) ((’11s o~7cI tllc AI IIa ZOII dlllill~; l)r.l’ 103.(; froIII ,Sl{l,-~ . At X-l~al I(l ilI(J lain CCIIS SIIOMJ
II]) as I)ligllt aIcas, il~]l~-~c’diak]y  foll(nvd by ]alp;c (Itl]]i aIcas at illcl’(’asillp;  rdIIgc. At (;-l)?III(l,
]10 l)rip;llt(’llillp; is visible, hut som(: (li\l’li  a]’cas call 1)(’  s(lvl  ill  tllc salll(’  location as tll(’  (Ial’li

awas  at, X-l)aIId. At 1,-l~aII(l II(,itllu l)liglit II()] (I;llli areas ar( ~isil~lc, At all tlllrc  fr(q~lcjlcicw
tlI(T {Ilallsl]littcd wavr is l)otlI Scattl(’lrd ?III(I ?Itt(’llllatc(l 1)~’ {II( rdill. 1 IOU’(WI’,  at 1 J- I)a]l[l ,
lmtlI effects arc sIIIall. At (.;-lMII(l tlIc attclluaiioi] is large (II Ioug;l I to I(KIUCO tlIc olwrvcd cr”
I)y tllc tivo w;Iy IOSS ilIrouglI tl)c Iaill. ‘1’IIC lail) l);l(’liS(’ZlttCl’ is S]II;III r(lati17( to tll( tlc(’-to])
l)?l(’liS(’?lti(ll’  ?111[1 is llOt SCVI1. At X-l)aII(l tlI( l):i(lis~;ltt~]i])g f’IOIII rain is ]tll’~C C’Jloll~;]  I t] l:lt

it calI lK: SCCI I above the cross scctlio)] of tile tr(v to]xs. 11 OWCITCI,  as raI igc illcreasrs, tlIc
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‘1’IIC clata a l s o  Co]lfirlll l)rcviolls  Oljsclvatiolls  Il]atl lain al]d Jyilld C(l’wts call ])rodllcc
latgf~ valiai,iol]s  ill 30° -- [) OO-illciclcl  ]c[:-;lllgl~, s(~a s(]]face l)ackscattcr.  At IIadir, II OIVCVCV,  tlI(J

occaII  surfaw  I)acl<sc?lttcl>  iltp;  Cod[icicllt  Jvas IIot a s  cll’~llll:lti(;ill~~  afl’cYkl  l)y tl)c  lail] stc)III~,

altllollp;ll  t]l(  l)il(’1iS(<ltt(  ’1 ’illg cocfficicllt (lid {1{(1{’asc }Illilc its ,sI)lra(l  IVas sigtli[icalltly ]arp;cl
tlIa II that of’ tlllc  clcal-air  I))(iIsLII(IIIc IIts, CVCII at, lj-l)aI  Id.

l{’illally, smcval alras lvitll sigllifi(allt]y lIoII-zelo 1111-V\~ ])lias(; diffcrcllces and a])])al-
(’ll{jly lig;lltjcr  raillfa]l wcuw OIJSU’VCC1 ill t,llc occa]l illlag;cs.
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Figure  captions

(JhJSlli i]]lzlgcso f'l'y])llc)c)]lS  (tlllvi tlltll(Sl)l\ ttlct]~lcl is()\c]l; li{l: (/I) octc)lJc16,1{)!)l,
17:32  (;h!lrl’ tlIc two crosses  ]IIarl< tlIc loca t ion  ~JftlI{ cc)ll\{’cti\(ccllsj]I l~ig, 2 aIId 3;

(1.J)octcJlJc,3,1  {){)4,17:32(;hl’1” tl,f:c}[Jssll  12\ll{stll flcJc:\tic,],cJftl, cst];\tllsi]]l'ig.
4.

AIo I)g; track cross-scctiol) of illc Iadar r(flwtivitiw fro]]) a coll~(:ct;~c(cll ;~l ‘1’y])ltooII
SctlI. \Tcltical tick IIl?lll<sil)(li(t]tc l-l<lt] illt(lltlls,ll( Jlizc)J)l:ll oIl(s IYl;ll) illt,(jials. ‘1’IIc
surfaw is rq)rcsc]}t,d ill lial’y ljlu(~. N(JI( 1]]( two (lifl’umil color sca]w foJ t]IC  X/(; aIId

1,-lmllds.

A]o]tg trad cross-s cctioll o f  (11(: ]adar r(flcctivitics fro]ll  a  S(KWIId  coltlcctivc  c(I1 ill

‘1’}] )110011 Sdl]. \Tc’rtical tic]< lt]arks ill(licate l-l<]t) il]tulals,  IIorizolltal o]t(++ ~+-kli] ill-
i(,rvals. ‘1’lto sulfacc is lcl)l(,sclItcd ill IIa\Tj I) IIIc, ‘I)llc color  S[’ales fbl’ 111(’ (:-V\/ and
IJ-l)alt(ls  areas  ill l“;g. ~. {;.J}]] js I(])I(s(IIf,c(]  usil I/, t]lr t,llilcl  ( ’ 0 1 0 1 ”  S(’?IIC  SIIOIVII at tile
l)ottlo] 1) ,

A]c)llg iJ’z]c]{c l”c)ss-scctic)ll oft]lc`l ;lcl?lll(f l((ti]'iti(`sfloltlstl  ;ltifc)l1ll j)lc(i]>it~~tic)llillrl’}-
])II(J(JI] S(:tlll. l~c'ltic211t; cl{lll:lll{sili(  li(tlt(l--l<lJ liIltclJ  211s,ll()liz()l ltzllc)llcs3-l{l] til1tclf~;lls.
‘1’1]( surfaw is ]r])rcscnltd ill JIavy l~llle. ‘1’1)( tlll(c(lif[clellt CO]()] Scal(sfo] X/C;-\~\~,
1,, a]t(l (LVI1 area sill l“ip;. 2a11(l 3.

l)l”ofil(% of ]’adal  palaln(’tcl’s till’OllF;ll IJwllillglayers  ?1S a fllll(tioll of II(ig;lli  aljo17( {II(
s(Irlacc 011 tl]]m (Ii ff’crclltl  occasions using (lIIw (ljf[’(’l(~llt  ra(lau+: (a) S])acrl)orl]c Slli -
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